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DEXA

:   dual energy X‐ray absorptiometry
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HET

:   heterozygous R163C ryanodine receptor 1 mutation
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:   lower critical temperature

MH

:   malignant hyperthermia
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:   respiratory exchange ratio

RYR1

:   ryanodine receptor 1
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:   sarcoplasmic reticulum calcium ATPase

SR

:   sarcoplasmic reticulum
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:   thermoneutral zone
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:   upper critical temperature
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:   wild‐type

1. INTRODUCTION {#fsb220590-sec-0001}
===============

Malignant hyperthermia (MH) is a life‐threatening disorder of skeletal muscle homeostasis that was first described in a family that experienced 10 deaths attributable to anesthesia.[^1^](#fsb220590-bib-0001){ref-type="ref"} A fulminant MH syndrome is characterized by an uncontrolled increase in myoplasmic free calcium (Ca^2+^) that leads to increased metabolic rate and subsequently results in hyperthermia and muscle rigidity.[^2^](#fsb220590-bib-0002){ref-type="ref"}, [^3^](#fsb220590-bib-0003){ref-type="ref"}, [^4^](#fsb220590-bib-0004){ref-type="ref"} This energetic crisis can be triggered by volatile anesthetics, depolarizing muscle relaxants (eg, succinylcholine), intense exercise, and exposure to elevated environmental temperatures.[^5^](#fsb220590-bib-0005){ref-type="ref"} The prevalence in the human population of known MH‐causative mutations is 1:2750,[^6^](#fsb220590-bib-0006){ref-type="ref"} with variants in the ryanodine receptor 1 gene (*RYR1*) being responsible for the majority of MH cases.[^7^](#fsb220590-bib-0007){ref-type="ref"} Polymorphism and expressed variants within the *RYR1* gene have been estimated to occur in greater than 50% of people from MH‐susceptible families, although it remains unclear how many of these confer pathogenic risks.[^6^](#fsb220590-bib-0006){ref-type="ref"}, [^8^](#fsb220590-bib-0008){ref-type="ref"}, [^9^](#fsb220590-bib-0009){ref-type="ref"}

RYR1 protein is expressed in skeletal muscle where it plays a central role in the release of Ca^2+^ from the sarcoplasmic reticulum (SR) as part of excitation‐contraction coupling.[^2^](#fsb220590-bib-0002){ref-type="ref"}, [^10^](#fsb220590-bib-0010){ref-type="ref"} Ca^2+^cycling is typically estimated to be responsible for \~5% of whole body resting energy expenditure,[^11^](#fsb220590-bib-0011){ref-type="ref"} and it follows that pathogenic mutations in RYR1 could stimulate resting Ca^2+^ cycling and whole animal energy expenditure. However, MH‐susceptible people and mouse models are often described as showing no phenotype until exposed to a MH trigger. This is unexpected since SR Ca^2+^ leak has been reported with RYR1 mutations in both MH‐susceptible people[^12^](#fsb220590-bib-0012){ref-type="ref"} and mouse models of MH,[^13^](#fsb220590-bib-0013){ref-type="ref"}, [^14^](#fsb220590-bib-0014){ref-type="ref"} implying that basal Ca^2+^ cycling should be affected by expression of these mutations. Skeletal muscle mitochondrial defects have also been reported in mice with RYR1 mutations[^15^](#fsb220590-bib-0015){ref-type="ref"}, [^16^](#fsb220590-bib-0016){ref-type="ref"} and MH‐susceptible people,[^17^](#fsb220590-bib-0017){ref-type="ref"} and it would be expected that these defects could lead to alterations in whole animal energy metabolism. Little is known, however, about energy expenditure in the absence of MH‐triggering agents in either MH‐susceptible mice or humans. A study in humans reported that resting energy expenditure was only increased in MH‐susceptible individuals during insulin stimulation.[^18^](#fsb220590-bib-0018){ref-type="ref"} However, the temperature at which these measurements were taken was not specified and the study included primarily female volunteers, limiting the ability of the investigators to determine if energy expenditure was influenced by sex. In mice, a significant increase in oxygen consumption adjusted for body weight (BW) was found in RYR1 Y522S mutants measured at 32°C,[^15^](#fsb220590-bib-0015){ref-type="ref"} but it is not known if this difference would persist at lower temperatures. Thus, only limited information is currently available about the impact of MH‐susceptible mutations on whole animal energetics under conditions that typically do not induce a fulminant MH syndrome.

The purpose of this study was to determine the influence of the MH R163C RYR1, one of the more common mutations identified in humans, on energy expenditure and physical activity in male and female mice. Energy expenditure was measured in mice housed at their standard vivarium temperature (22°C) and energy expenditure was measured in animals with running wheel access at standard housing temperature and near the murine thermoneutral zone (TNZ). In addition, voluntary wheel running was measured at these temperatures. Energy expenditure was also measured in mice exposed to environmental temperatures ranging from 12 to 36°C to assess response to cold exposure and determine if the TNZ is altered in these animals.

2. MATERIALS AND METHODS {#fsb220590-sec-0002}
========================

2.1. Animals {#fsb220590-sec-0003}
------------

All wild‐type (WT) and heterozygous R163C (HET) mice were obtained from a breeding colony maintained at the University of California, Davis. The HET mice were generated with a knock in vector containing a mutation of the arginine at codon 163 to cysteine (R163C) as previously described.[^14^](#fsb220590-bib-0014){ref-type="ref"} The mice were backcrossed onto C57BL/6J mice to full congenic status. Mouse genotypes were verified through PCR screening. PCR primer sequences were as follows: RyR1‐WT (forward), GAG AGA AGG TTC GAG TTG GGG AT; RyR1‐WT (reverse), ACT CAC CAG GTA TCG CTC AG; RyR1‐R163C (forward), GAG AGA AGG TTT GCG TTG GAG AC; RyR1‐R163C (reverse), ACT CAC CAG GTA TCG CTC AG.

During the studies, the mice were housed in a vivarium maintained at 20‐24°C and 30%‐40% relative humidity with a 12‐hour light/12‐hour dark cycle. Separate cohorts of mice were used for the three calorimetry experiments: (a) baseline calorimetry (male HET or WT, n = 8; female HET or WT, n = 14), (b) temperature challenge calorimetry (male HET or WT, n = 7; female HET or WT, n = 9), and (c) calorimetry with voluntary running (male HET or WT, n = 7; female HET or WT, n = 8). Separate cohorts of mice were also used for the voluntary wheel running studies in a home‐cage environment (male HET or WT, n = 8; female HET or WT, n = 5). The mice in each cohort were randomly selected from more than one litter. The mice were 200‐270 days of age at the start of the study, and the age spread for mice in each study cohort were within 30 days of age. All mice were provided with continuous access to water and Teklad 2918 diet (Envigo, Madison, WI), with the exception that mice used for the temperature challenge studies were food deprived for approximately 8 hours during the light cycle on the day of the calorimetry measurements. All mouse experiments were completed under protocols approved by the UC Davis Institutional Animal Care and Use Committee and were in accordance with the NIH guidelines for the Care and Use of Laboratory Animals.

2.2. Baseline indirect respiration calorimetry {#fsb220590-sec-0004}
----------------------------------------------

Oxygen consumption and carbon dioxide production were measured using an indirect respiration calorimeter (CLAMS, Columbus Instruments, Columbus, OH). Energy expenditure (kcal) was calculated from O~2~ consumption and CO~2~ production using the CLAMS Oxymax software. Respiratory exchange ratio (RER) was calculated as VCO~2~/VO~2~. Calorimetry chamber‐mounted sensors were used to measure physical activity (infrared beam breaks in the *x* and *z*‐planes) and food intake.

The calorimetry system was housed in a room maintained on a 12‐hour light/dark cycle at 20‐24°C. The mice were placed in acclimation chambers (calorimeter chambers not connected to the system) and housed in the calorimeter room for 24 hours. The mice were then transferred to calorimetry chambers inside a 22°C incubator and allowed to acclimate for 24 hours prior to the start of the calorimetry measurements. Calorimetry measurements were completed over a 48‐hour period. Room air was drawn through the system at a rate of 500 mL/min. The oxygen and carbon dioxide analyzers were calibrated daily. A calibration gas (0.50% CO~2~, 20.50% O~2~, and balance nitrogen) (Airgas, Sacramento, CA) and dry room air were used to calibrate the analyzers. At the beginning and end of the experiment, the performance of the entire calorimetry system was validated by bleeding 20.00% CO~2~ (balance nitrogen) standard (Airgas, Sacramento, CA) through each chamber at a regulated rate using an OxyVal gas infusion system (Columbus Instruments, Columbus, OH) and measuring recovery of CO~2~ and dilution of O~2~ in the exhaust flow from the chambers.

2.3. Body composition {#fsb220590-sec-0005}
---------------------

Following completion of the calorimetry measurements, the mice were immediately removed from the calorimeter and euthanized by CO~2~ inhalation. Body composition (lean mass \[LM\], fat mass, and bone mineral content) was then measured by dual energy X‐ray absorptiometry (DEXA) using a Lunar PIXImus II Densitometer (GE Medical Systems, Chalfont St. Giles, UK).

2.4. Temperature challenge indirect respiration calorimetry and body temperature measurements {#fsb220590-sec-0006}
---------------------------------------------------------------------------------------------

DST nano‐T temperature recorders (Star‐Oddi, Gardabaer, Iceland) were implanted intraperitoneally under anesthesia (ketamine 50‐100 mg/kg IP, midazolam 4‐6 mg/kg IP, and butorphanol 4‐6 mg/kg IP) with flumazenil (0.5 mg/kg SC) for reversal of sedation immediately after surgery. For analgesics, animals received meloxicam (2‐10 mg/kg, SC) preoperative and buprenorphine (0.05‐0.1 mg/kg, SC) postoperative, if needed. Mice were moved to the calorimetry room at least 10 days after surgery.

The mice were acclimated to the calorimetry room for 24 hours while housed in acclimation chambers. The next morning food was removed from the cage prior to study to ensure that calorimetry readings were not influenced by activity related to eating. Mice in acclimation chambers were then transferred to calorimetry chambers within a temperature‐controlled cabinet set at a 12°C. Actual cage temperature was measured using temperature sensors (DS1922L‐F5\#, iButtonLink, LLC) attached to the inside of each metabolic cage lid. Energy expenditure was evaluated by indirect respiration calorimetry in the CLAMS unit at 12°C for 60 minutes, at 18, 24, 28, and 30°C for 45 minutes each, and at 34 and 36°C for 30 minutes each. A single mouse was studied each day and gas analyzer readings were recorded every 5 seconds. Previous tests measuring temperature within the calorimeter chambers was used to select the chamber location for the studies that best matched the target temperatures. The body temperature recorders were programmed to record every 5 minutes from the 12°C until the beginning of the 30°C calorimetry measurements and for every minute for the remainder of the calorimetry measurements (30°C through 36°C). The lower critical temperature (LCT) of the TNZ was calculated using a segmental linear model of energy expenditure vs calorimeter chamber temperature with the second segment\'s slope = 0. Although the upper critical temperature (UCT) of the TNZ is frequently defined as the temperature where energy expenditure increases,[^19^](#fsb220590-bib-0019){ref-type="ref"} we did not consistently observe increases in energy expenditure even at temperatures where body temperature was increased. Therefore, we followed the approach suggested by Abreu‐Vieira et al[^20^](#fsb220590-bib-0020){ref-type="ref"} and used an increase in body temperature to identify UCT. UCT was calculated using a segmental linear model of core body temperature vs calorimetry chamber temperature with the slope 1 = 0. Only body temperature data collected at calorimetry chamber temperatures above 28°C were used for the calculations to avoid fluctuations in body temperature that were more common at colder temperatures.

2.5. Indirect respiration calorimetry with voluntary running {#fsb220590-sec-0007}
------------------------------------------------------------

The mice were housed in acclimation chambers for 24 hours within the calorimeter room. The mice were then placed in calorimeter chambers equipped with running wheels and housed in a 22°C incubator for 24 hours. Energy expenditure and off wheel movement (*x* and *z*‐plane) were measured in the CLAMS indirect respiration calorimetry system at our standard vivarium temperature of 22°C. Data were collected over 5 light/5 dark cycles (120 hours). The mice were then returned to their standard cages for 5 days. After this time period, the mice were again acclimated to the calorimeter room for 24 hours at 22°C and calorimetry chambers with running wheels for an additional 24 hours with temperature maintained at 28°C, a temperature near the TNZ. Energy expenditure and off wheel movement (*x* and *z*‐plane) were then measured over 5 light/5 dark cycles at 28°C. Immediately following completion of indirect respiration calorimetry at 28°C, the mice were removed from the calorimetry chambers and body composition was measured using DEXA as described for the baseline calorimetry measurements. Wheel running was not recorded during these experiments due to intermittent failure of the sensors on many of the wheels that prevented accurate determination of time on the wheels and distance run. However, all mice were detected running during periods when the sensors were functioning.

2.6. Voluntary wheel running {#fsb220590-sec-0008}
----------------------------

The mice were singly housed in standard shoebox cages within an incubator set at 22°C (our standard vivarium temperature), 26°C (male mice only), or 28°C for 24 hours prior to attaching running wheels. Voluntary running was measured for 7 days at 15 seconds intervals. A 1 week "break" where mice were housed without running wheel, was scheduled between running assessments at each temperature. Running activity was measured as time and distance run during light and dark cycles. Number of exercise bouts (period of exercise ≥1 minute) and time and distance run during exercise bouts were recorded. Measurements were completed at 22°C followed by 28°C in females, and sequentially from 22°C to 26°C to 28°C in males. All males voluntarily ran on the wheels while a few female mice (equal numbers in each genotype) did not run and were excluded from analysis.

2.7. Statistics {#fsb220590-sec-0009}
---------------

All statistical calculations were performed using GraphPad Prism 7 software (GraphPad Software Inc, La Jolla, CA) or using Rapid publication‐ready MS‐Word tables for two‐way ANOVA.[^21^](#fsb220590-bib-0021){ref-type="ref"} Data are presented as means ± SE. Student *t* tests were used to test for differences between groups, and for the voluntary wheel running study a mixed effects model with temperature as a repeated measure was used to test for group differences. Analysis of covariance (ANCOVA) was used to adjust energy expenditure by BW or LM. Values were considered statistically significant when *P* ≤ .05.

3. RESULTS {#fsb220590-sec-0010}
==========

3.1. BW does not differ between HET and WT mice, although small decreases in fat mass are observed in the HET mice under some conditions {#fsb220590-sec-0011}
----------------------------------------------------------------------------------------------------------------------------------------

To determine body composition in mice housed at our standard vivarium temperature, measures of BW and composition were completed in male and female mice maintained at 22°C (Table [1](#fsb220590-tbl-0001){ref-type="table"}). For females, there were no significant differences (*P* \> .05) between the HET and WT animals in BW, LM, fat mass, bone mineral content, or percent body fat. In males, there was a decrease (*P* \< .05) in fat mass and percent body fat in the HET compared to WT mice but the magnitude of this change was not sufficient to produce a difference in BW between the genotypes. The male HET and WT mice also did not differ (*P* \> .05) in LM and bone mineral content.

###### 

Effect of the RyR1‐R163C mutation on body composition in male and female mice with or without access to a running wheel

  Variable              22°C[^a^](#fsb220590-note-0004){ref-type="fn"}   Running wheel[^b^](#fsb220590-note-0005){ref-type="fn"}   *P* value                                   
  --------------------- ------------------------------------------------ --------------------------------------------------------- ----------------- ----------------- ------- -------
  *Males*               *n = 8*                                          *n = 8*                                                   *n = 7*           *n = 7*                    
  BMD (g/cm^2^)         0.0498 ± 0.0007                                  0.051 ± 0.0018                                            0.0511 ± 0.0004   0.0517 ± 0.0007   0.506   0.464
  BMC (g)               0.452 ± 0.016                                    0.445 ± 0.018                                             0.501 ± 0.011     0.524 ± 0.007     0.783   0.105
  Bone area (cm^2^)     9.07 ± 0.23                                      8.76 ± 0.36                                               9.8 ± 0.16        10.1 ± 0.08       0.488   0.099
  Fat tissue (%)        21.7 ± 1.7                                       16.3 ± 1.5                                                22.2 ± 2.1        21.5 ± 1.3        0.031   0.787
  Body weight (g)       32.6 ± 1.4                                       30.7 ± 1.5                                                35.1 ± 1.5        34.1 ± 1.0        0.336   0.589
  Fat mass (g)          6.8 ± 0.80                                       4.61 ± 0.57                                               7.27 ± 1.02       6.89 ± 0.58       0.042   0.750
  Lean mass (g)         23.8 ± 0.7                                       23 ± 0.6                                                  24.5 ± 0.8        24.9 ± 0.5        0.406   0.705
  Age (weeks)           29.8 ± 0.7                                       29.6 ± 0.7                                                34 ± 0.9          34 ± 0.5          0.855   0.951
  Subject length (cm)   9.53 ± 0.08                                      9.32 ± 0.10                                               8.95 ± 0.08       9.05 ± 0.09       0.127   0.442
  *Females*             *n = 10*                                         *n = 10*                                                  *n = 8*           *n = 8*                    
  BMD (g/cm^2^)         0.0686 ± 0.0126                                  0.076 ± 0.0141                                            0.0504 ± 0.0007   0.0497 ± 0.0005   0.699   0.425
  BMC (g)               0.607 ± 0.122                                    0.67 ± 0.128                                              0.47 ± 0.010      0.469 ± 0.013     0.726   0.945
  Bone area (cm^2^)     8.67 ± 0.17                                      8.78 ± 0.25                                               9.33 ± 0.10       9.43 ± 0.18       0.733   0.634
  fat tissue (%)        21.5 ± 1.4                                       20.2 ± 1.8                                                20.4 ± 1.1        17.4 ± 1.1        0.559   0.077
  Body weight (g)       28 ± 1.1                                         28.3 ± 1.1                                                26.3 ± 0.8        25 ± 0.5          0.856   0.168
  Fat mass (g)          5.76 ± 0.56                                      5.48 ± 0.68                                               4.87 ± 0.40       3.93 ± 0.33       0.751   0.093
  Lean mass (g)         20.5 ± 0.6                                       20.9 ± 0.4                                                18.8 ± 0.4        18.5 ± 0.4        0.532   0.620
  Age (weeks)           38.4 ± 1                                         38.1 ± 1                                                  32.3 ± 1          33.4 ± 0          0.890   0.046
  Subject length (cm)   9.25 ± 0.09                                      8.92 ± 0.17                                               9.15 ± 0.08       8.88 ± 0.12       0.102   0.079

Body composition of wild type (WT) or RyR1‐R163C heterozygous (HET) mice was assessed at baseline or after voluntary wheel running (running wheel). Values are mean ± SE. (*P* ≤ .05 is in red, 0.1 \> *P* \> .05 is shown in blue).

Abbreviations: BMC, bone mineral content; BMD, bone mineral density.

The 22°C group includes the same mice used for the indirect calorimetry measurements at 22°C without access to running wheels.

The running wheel group includes the same mice used for the indirect calorimetry measurements with access to a running wheel at 22°C (1 wk) and 28°C (1 wk), with no access to running wheels for a week between the two temperatures. The body composition measurements were performed immediately after completion of the indirect calorimetry measurements at 28°C.
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To determine whether acute increases in physical activity influenced body composition, BW and composition measurements were completed in a separate cohort of male and female mice following continuous access to a running wheel for 1 week at 28°C (Table [1](#fsb220590-tbl-0001){ref-type="table"}). There were no significant differences between the male HET and WT mice in BW, LM, fat mass, bone mineral content, or percent body fat. The female HET mice showed a trend (*P* \< .10) toward a decrease in fat mass and percent body fat compared to WT animals. However, BW, LM, and bone mineral content did not differ (*P* \> .10) between the female HET and WT animals. The average age of the female HET mice was 8 days older than the WT group (*P* \< .05).

3.2. Voluntary wheel running is decreased in female HET compared to WT mice {#fsb220590-sec-0012}
---------------------------------------------------------------------------

Voluntary wheel running was measured in male HET and WT mice sequentially housed at 22, 26, and 28°C with continuous access to running wheels (Table [2](#fsb220590-tbl-0001){ref-type="table"}). There was no interaction between genotype and ambient temperature in voluntary wheel running for the male mice. When analyzed across genotypes, ambient temperature had a significant impact (*P* \< .05) on number of exercise bouts (one or more minutes of continuous exercise), time spent running, and distance run with both genotypes showing the highest activity values at the intermediate temperature (26°C). However, when analyzed across temperatures, there was no significant difference between genotypes in time running, time in exercise bouts, distance run, number of exercise bouts, and distance run in exercise bouts.

Wheel running was also measured in female mice sequentially housed at 22 and 28°C with access to running wheels (Table [2](#fsb220590-tbl-0002){ref-type="table"}). Similar to the males, there was no interaction between genotype and ambient temperature in voluntary wheel running for the female animals. However, in contrast to males, the ambient temperatures used in this study had no significant impact on wheel running when analyzed across genotypes. This lack of response to ambient temperature may reflect the fact that measurements were only completed at two temperatures in the females and the temperature that showed the greatest activity values in the males (26°C) was not included in the female study. When analyzed across temperatures, the HET females showed a decrease (*P* \< .05) in time running, distance run, time in exercise bouts, and distance run in exercise bouts when compared to the WT mice.

###### 

Effect of the RyR1‐R163C mutation on voluntary wheel running in male and female mice at three environmental temperatures

  Variable                 22°C         26°C         28°C         *P* value                                                  
  ------------------------ ------------ ------------ ------------ ------------ ------------ ------------ -------- ---------- ---------
  *Males*                  *n = 8*      *n = 8*      *n = 8*      *n = 8*      *n = 8*      *n = 6*                           
  Total time (hr)          27.7 ± 2.8   25.5 ± 2.5   33.2 ± 2.8   27.1 ± 2.2   24.2 ± 3.3   17.8 ± 2.4   0.2102   \<0.0001   0.3432
  Total distance (km)      20.9 ± 2.7   19.2 ± 2.5   35.2 ± 4.4   27.2 ± 3.0   23.5 ± 5.0   15.7 ± 2.6   0.1795   \<0.0001   0.2706
  Time in bouts (hr)       27 ± 2.9     24.3 ± 2.7   32.3 ± 2.8   26.1 ± 2.2   23 ± 3.3     16.6 ± 2.3   0.1924   \<0.0001   0.4108
  Distance in bouts (km)   20.6 ± 2.8   18.9 ± 2.5   35 ± 4.4     26.8 ± 3.0   23.2 ± 5.0   15.4 ± 2.6   0.2558   \<0.0001   0.2152
  Bouts (\#)               458 ± 32     458 ± 23     505 ± 30     441 ± 30     386 ± 32     311 ± 42     0.2692   \<0.0001   0.2667
  *Females*                *n = 5*      *n = 5*                                *n = 5*      *n = 5*                           
  Total time (hr)          46.9 ± 1.4   34.5 ± 3.5   --           --           44.2 ± 3.8   34.2 ± 2.7   0.0135   0.5384     0.614
  Total distance (km)      47.7 ± 4.5   30.2 ± 4.0   --           --           51.3 ± 6.5   33.7 ± 3.5   0.0123   0.3871     0.9928
  Time in bouts (hr)       45.5 ± 1.5   33 ± 3.7     --           --           42.9 ± 3.8   32.5 ± 2.6   0.0134   0.526      0.63818
  Distance in bouts (km)   47.3 ± 4.6   29.9 ± 4.0   --           --           51 ± 6.5     33.4 ± 3.4   0.0129   0.3823     0.9777
  Bouts (\#)               524 ± 19     438 ± 27     --           --           473 ± 27     457 ± 37     0.6361   0.0622     0.1747

Running activity of wild type (WT) or RyR1‐R163C hemizygote (HET) mice was assessed for 6 d at 22, 26, or 28°C. Values are mean ± SE. *G* × *T* = Genotype × Temperature interaction effect. (*P* ≤ .05 is in red.)
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3.3. Male, but not female, HET mice show increases in energy expenditure adjusted for LM or BW when compared to WT animals {#fsb220590-sec-0013}
--------------------------------------------------------------------------------------------------------------------------

Energy expenditure was measured in male and female mice using indirect respiration calorimetry (Table [3](#fsb220590-tbl-0003){ref-type="table"}). The mice were housed in calorimetry chambers at 22°C to determine energy expenditure at our typical vivarium temperature. A separate cohort of mice was also housed in calorimetry chambers with running wheels at 22 and 28°C to determine the impact of voluntary physical activity on energy expenditure at a typical vivarium temperature and a temperature near the murine TNZ (Table [4](#fsb220590-tbl-0004){ref-type="table"}). Energy intake (kcal/24 hours) in the calorimetry chambers did not differ between HET and WT mice (Tables [\[Link\]](#fsb220590-sup-0002){ref-type="supplementary-material"}, [\[Link\]](#fsb220590-sup-0003){ref-type="supplementary-material"}, [\[Link\]](#fsb220590-sup-0004){ref-type="supplementary-material"}, [\[Link\]](#fsb220590-sup-0005){ref-type="supplementary-material"}). In males, energy expenditure (kcal/24 hours) did not differ between HET and WT mice housed at 22°C without running wheels. However, energy expenditure adjusted for LM or BW using ANCOVA (Figure [1](#fsb220590-fig-0001){ref-type="fig"}) was increased (*P* \< .05) in the HET vs WT animals. In the male mice provided with access to running wheels, energy expenditure (kcal/24 hours) did not differ between genotypes at 22°C but was increased (*P* \< .05) in HET compared to WT mice at 28°C (Table [4](#fsb220590-tbl-0004){ref-type="table"}). A similar pattern also occurred with energy expenditure adjusted for LM or BW (Figure [2](#fsb220590-fig-0002){ref-type="fig"}) where no differences were observed between genotypes with running wheels at 22°C while energy expenditure was increased (*P* \< .05) in the HET vs WT mice at 28°C.

###### 

Effect of the RyR1‐R163C mutation on average 24‐hour energy expenditure (kcal) and physical activity in male and female mice housed at 22°C without access to running wheels

  Variable                             WT              HET             *P* value
  ------------------------------------ --------------- --------------- -----------
  *Males*                              *n = 8*         *n = 8*          
  Energy expenditure (kcal/24 h)       12.4 ± 0.39     13.1 ± 0.36     .200
  Avg 24 h XTOT (\#beam breaks/24 h)   36 200 ± 4070   32 400 ± 3420   .487
  Avg 24 h XAMB (\#beam breaks/24 h)   14 700 ± 2420   12 000 ± 1730   .378
  Avg 24 h ZTOT (\#beam breaks/24 h)   4550 ± 920      5570 ± 1120     .490
  *Females*                            *n = 14*        *n = 14*         
  Energy expenditure (kcal/24 h)       12.6 ± 0.40     12.9 ± 0.35     .596
  Avg 24 h XTOT (\#beam breaks/24 h)   42 000 ± 2100   44 600 ± 3550   .525
  Avg 24 h XAMB (\#beam breaks/24 h)   16 900 ± 983    17 300 ± 1930   .844
  Avg 24 h ZTOT (\#beam breaks/24 h)   5680 ± 465      5610 ± 934      .945

Energy expenditure and voluntary motion were measured in wild type (WT) and RyR1‐R163C hemizygote (HET) mice housed in indirect respiration calorimeter chambers. Values are mean ± SE.

Abbreviations: XAMB, number of consecutive *x*‐axis IR beam breaks; XTOT, number of *x*‐axis infrared (IR) beam breaks; ZTOT = number of *z*‐axis infrared (IR) beam breaks.
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###### 

Effect of the RyR1‐R163C mutation and voluntary wheel running on average 24‐hour energy expenditure and physical activity in male and female mice

  Variable                             22°C + RW       28°C + RW       *P* value                               
  ------------------------------------ --------------- --------------- --------------- --------------- ------- -------
  *Males*                              *n = 7*         *n = 7*         *n = 7*         *n = 7*                  
  Energy expenditure (kcal/24 h)       12 ± 0.31       12.2 ± 0.30     8.35 ± 0.23     9.02 ± 0.17     0.632   0.035
  Avg 24 h XTOT (\#beam breaks/24 h)   34 000 ± 4520   22 300 ± 4050   32 700 ± 2200   25 200 ± 1240   0.077   0.012
  Avg 24 h XAMB (\#beam breaks/24 h)   16 900 ± 2960   8860 ± 2290     16 500 ± 1550   11 700 ± 800    0.053   0.018
  Avg 24 h ZTOT (\#beam breaks/24 h)   19 600 ± 5100   9250 ± 4470     16 600 ± 2890   8960 ± 521      0.286   0.134
  *Females*                            *n = 8*         *n = 8*         *n = 8*         *n = 8*                  
  Energy expenditure (kcal/24 h)       11.1 ± 0.47     11.4 ± 0.25     8.18 ± 0.37     8.57 ± 0.32     0.534   0.436
  Avg 24 h XTOT (\#beam breaks/24 h)   18 700 ± 5980   36 500 ± 7270   32 100 ± 6310   38 500 ± 5120   0.079   0.441
  Avg 24 h XAMB (\#beam breaks/24 h)   7050 ± 3000     14 100 ± 3130   14 600 ± 3080   17 600 ± 2560   0.125   0.464
  Avg 24 h ZTOT (\#beam breaks/24 h)   7370 ± 4280     13 300 ± 3500   17 000 ± 3710   13 600 ± 2150   0.299   0.445

Energy expenditure and voluntary motion were measured in wild type (WT) or RyR1‐R163C hemizygote (HET) mice housed in indirect respiration calorimeter chambers equipped with running wheels (RW).Values are mean ± SE. (*P* ≤ .05 is in red, 0.1 \> *P* \> .05 is shown in blue).

Abbreviations: XAMB, number of consecutive *x*‐axis IR beam breaks; XTOT, number of *x*‐axis infrared (IR) beam breaks; ZTOT = number of *z*‐axis infrared (IR) beam breaks.
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![Energy expenditure adjusted for lean mass (LM) or body weight (BW) using of covariance (ANCOVA). Energy expenditure in wild‐type (WT) and RyR1‐R163C heterozygote (HET) male and female mice at 22°C without access to running wheels](FSB2-34-8721-g001){#fsb220590-fig-0001}

![Energy expenditure adjusted for lean mass (LM) or body weight (BW) using of covariance (ANCOVA). Energy expenditure in wild‐type (WT) or RyR1‐R163C heterozygote (HET) male and female mice housed at 22°C or 28°C with running wheels (+ RW)](FSB2-34-8721-g002){#fsb220590-fig-0002}

In females, energy expenditure with or without (kcal/24 hours) adjustment for BW or LM (Figure [1](#fsb220590-fig-0001){ref-type="fig"} and Table [3](#fsb220590-tbl-0003){ref-type="table"}) did not differ between HET and WT animals. Total energy expenditure (kcal/24 hours) or energy expenditure adjusted for LM or BW (Figure [2](#fsb220590-fig-0002){ref-type="fig"} and Table [4](#fsb220590-tbl-0004){ref-type="table"}) also did not differ between genotypes in female mice housed with running wheels at either 22 or 28°C.

RER was measured in the mice to determine if genotype influenced substrate oxidation (Tables [\[Link\]](#fsb220590-sup-0002){ref-type="supplementary-material"}, [\[Link\]](#fsb220590-sup-0003){ref-type="supplementary-material"}, [\[Link\]](#fsb220590-sup-0004){ref-type="supplementary-material"}, [\[Link\]](#fsb220590-sup-0005){ref-type="supplementary-material"}). RER values were slightly higher (*P* \< .05) in the male HET vs WT animals at 22°C, with or without running wheels, while RER values did not differ between genotypes at 28°C with running wheels (Tables [S1](#fsb220590-sup-0002){ref-type="supplementary-material"} and [S3](#fsb220590-sup-0004){ref-type="supplementary-material"}). In contrast to the males, there were no differences in RER between HET and WT female mice regardless of housing temperature or presence of running wheels (Tables [S2](#fsb220590-sup-0003){ref-type="supplementary-material"} and [S4](#fsb220590-sup-0005){ref-type="supplementary-material"}).

In addition to measuring energy expenditure, the calorimetry system was also equipped with motion detectors that allowed measurement of horizontal (*x*‐plane) and vertical (*z* plane) movement. We observed that voluntary wheel running was decreased in HET compared to WT female mice (Table [2](#fsb220590-tbl-0002){ref-type="table"}), and we determined if off wheel movement within the calorimetry chambers was also influenced by genotype (Table [4](#fsb220590-tbl-0004){ref-type="table"}). When housed at 22°C without access to a running wheel, there was no difference in *x* or *z*‐plane movement between HET and WT for both male and female mice (Table [3](#fsb220590-tbl-0003){ref-type="table"}). To determine if wheel running had an impact on off wheel activity, movement within the chamber was also measured in the groups of mice provided with continuous access to running wheels. The male HET mice showed decreased (*P* \< .05) total *x*‐plane and *x* ambulatory (consecutive *x*‐plane beam breaks) movement off the running wheel at 28°C and a trend (*P* \< .10) toward decreased *x*‐plane movement at 22°C when compared to the WT mice (Table [4](#fsb220590-tbl-0004){ref-type="table"}). These changes in activity were all driven by decreases in dark cycle activity (Table [S3](#fsb220590-sup-0004){ref-type="supplementary-material"}). In contrast to the males, the females showed no differences between genotypes in movement when off the running wheel with the HET mice only showing a trend (*P* = .079) toward increased total *x*‐plane movement at 22°C (Table [4](#fsb220590-tbl-0004){ref-type="table"}). There were no differences in average 24‐hour *z*‐plane movement between genotypes for either males or females. Overall, the results of these studies indicate that voluntary movement is not altered in male and female HET mice housed without access to a running wheel. However, when given access to a running wheel movement off the wheel is decreased in the HET male, but not female, mice when compared to the WT animals.

3.4. The TNZ is expanded in HET mice with a decrease in LCT and, in males, an increase in UCT {#fsb220590-sec-0014}
---------------------------------------------------------------------------------------------

The impact of the RyR1 R163C mutation on changes in energy expenditure in response to alterations in ambient temperature were investigated in mice housed in calorimeter chambers while ambient temperature was increased in a stepwise manner from 12 to 36°C (Figure [3](#fsb220590-fig-0003){ref-type="fig"}). The LCT of the TNZ was determined using a segmental linear model of energy expenditure vs cage temperature to identify the temperature at the breakpoint where the slope becomes zero. The HET males showed a trend toward a 1.3°C decrease (*P* = .056) and the HET females had an approximately 1.7°C decrease (*P* \< .05) in LCT compared to the WT mice (Table [5](#fsb220590-tbl-0005){ref-type="table"}). The UCT of the TNZ was determined using a segmental linear model of body temperature vs cage temperature to identify the cage temperature at the breakpoint where slope begins to increase. There was no difference in UCT between genotypes in the female mice, whereas the male HET mice showed a 1.6°C increase (*P* \< .05) in UCT compared to WT animals (Table [5](#fsb220590-tbl-0005){ref-type="table"}, Figure [S1](#fsb220590-sup-0001){ref-type="supplementary-material"}). The shifts in LCT and/or UCT in the HET mice resulted in these animals having a broader TNZ than the WT mice.

![Effect of ambient temperature (*T* ~a~) on energy expenditure in male (A) and female (B) wild‐type (WT) or RyR1‐R163C heterozygote (HET) mice. Values are mean ± SE](FSB2-34-8721-g003){#fsb220590-fig-0003}

###### 

Thermal neutral zone and energetic response to cold or heat stress in male and female RyR1‐R163C heterozygous (HET) and wild type (WT) mice

  Variable       WT                                                       HET                                                      *P* value
  -------------- -------------------------------------------------------- -------------------------------------------------------- -----------
  *Males*        *n = 7*                                                  *n = 7*                                                   
  LCT            30.6 ± 0.2                                               29.3 ± 0.6                                               .056
  Slope \< LCT   −0.0345 ± 0.0019                                         −0.038 ± 0.0032                                          .363
  UCT            31.69 ± 0.32                                             33.31 ± 0.23[^a^](#fsb220590-note-0013){ref-type="fn"}   .003
  Slope \> UCT   0.5457 ± 0.0184                                          1.2427 ± 0.0613                                          \>.001
  *Females*      *n = 9*                                                  *n = 9*                                                   
  LCT            30.73 ± 0.5                                              29.07 ± 0.53                                             .036
  Slope \< LCT   −0.0303 ± 0.0024                                         −0.0296 ± 0.0023                                         .836
  UCT            32.09 ± 0.36[^b^](#fsb220590-note-0014){ref-type="fn"}   32.16 ± 0.5                                              .904
  Slope \> UCT   0.55 ± 0.0487                                            0.8446 ± 0.0796                                          .009

Values are mean ± SE. (*P* ≤ .05 is in red, 0.1 \> *P* \> .05 is shown in blue).

Abbreviations: LCT, lower critical temperature; UCT, upper critical temperature.

Six HET mice were used to calculate UCT.

Eight WT mice were used to calculate UCT.
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The slopes of energy expenditure vs cage temperature were also determined above and below the TNZ to examine the influence of the RyR1 R163C mutation on energetic response to heat and cold stress. As expected, slope was increased (*P* \< .01) in the HET mice above UCT, consistent with the increased risk of hyperthermia in these animals with heat exposure. However, there was no difference in slope below LCT in the HET vs WT mice, suggesting that there is no overt impairment in the ability of the HET mice to increase energy expenditure in response to cold stress.

4. DISCUSSION {#fsb220590-sec-0015}
=============

Maintenance of a Ca^2+^ gradient between the SR lumen and cytoplasm in skeletal muscle is achieved through the coordinated function of the sarcoplasmic reticulum calcium ATPase (SERCA) and ryanodine receptor Ca^2+^ channel (RYR1). Inherent changes in the efficiency of calcium cycling across the SR due to RYR1‐mediated Ca^2+^ leak is likely to elicit global influences on muscle cell Ca^2+^ dynamics across the myoplasm and other organelles, in particular mitochondria, and contribute to myopathic changes.[^4^](#fsb220590-bib-0004){ref-type="ref"}, [^22^](#fsb220590-bib-0022){ref-type="ref"} Skeletal muscle expressing RYR1 mutations that confer MH susceptibility have also been shown to have chronically elevated cytoplasmic Ca^2+^ at rest, increased RYR1‐mediated Ca^2+^ leak, depleted SR stores, and abnormal plasmalemmal Ca^2+^ fluxes.[^23^](#fsb220590-bib-0023){ref-type="ref"} Accordingly, long‐term changes in global Ca^2+^ dynamics and compensatory mechanisms that limit muscle damage are likely to impose a demand on skeletal muscle and whole animal energy expenditure. MH caused by mutations in the RYR1[^5^](#fsb220590-bib-0005){ref-type="ref"}, [^24^](#fsb220590-bib-0024){ref-type="ref"} demonstrates the severe energetic consequences that can occur with defects in this system for maintaining cellular Ca^2+^ gradients. However, humans and mice with mutations in the RyR1 are often described as having no overt phenotypic expression without exposure to anesthesia or heat stress. The purpose of the present study was to determine if energy expenditure and body composition are altered in mice expressing the human MH RYR1 R163C mutation without an anesthesia trigger. The impact on BW and composition of MH mutations has primarily been studied in pigs where the mutation generated interest because it was linked with increased LM.[^25^](#fsb220590-bib-0025){ref-type="ref"}, [^26^](#fsb220590-bib-0026){ref-type="ref"} However, there have also been reports that body fat content is lower in MH‐susceptible pigs,[^27^](#fsb220590-bib-0027){ref-type="ref"}, [^28^](#fsb220590-bib-0028){ref-type="ref"} and it has been shown that the RYR affects lipid storage in fat cells of *Drosophila* by modulating ER Ca^2+^ levels.[^29^](#fsb220590-bib-0029){ref-type="ref"} It remains to be determined if a similar mechanism for modulating fat storage is operational in mammalian tissue. In our study, there were no differences in BW and LM between the HET and WT mice but there was a significant difference or trend toward a decrease in fat mass in some cohorts of the HET mice. These results are consistent with the idea that the R163C mutation may be associated with a slight decrease in body fat. However, the magnitude of these changes are small and the influence of RYR1 mutations on fat deposits is not sufficient to produce a consistent, overt body composition phenotype.

Physical activity can be a major contributor to daily energy expenditure, and exercise intolerance in MH‐susceptible people[^30^](#fsb220590-bib-0030){ref-type="ref"} could have a substantial impact on daily physical activity. To determine if the RYR1 R163C mutation alters voluntary activity, HET and WT mice were given access to running wheels. Female HET mice spent less time running and ran shorter distances than WT animals, while no differences in voluntary wheel running was observed between genotypes for males. A previous study reported decreased voluntary wheel running in mice with the MH RYR1 Y522S mutation,[^31^](#fsb220590-bib-0031){ref-type="ref"} but these results were for a mixed cohort of male and female mice and did not provide information about sex differences. Our study indicates that decreased wheel running in the HET mice is limited to females, and this may reflect the fact that the WT female mice run substantially more than WT male animals. This high wheel running activity in the females may help expose deficits in voluntary activity. The results of our study indicate that low intensity activity, such as normal movement about the cage, is not altered in HET and WT mice with the exception that male HET mice show decreased off wheel movement when housed with a running wheel. Thus, exercise affects both male and female HET mice with the females showing less voluntary running and the males exhibiting less postexercise activity. Mitochondrial defects have been reported in skeletal muscle from both the RYR1 R163C[^16^](#fsb220590-bib-0016){ref-type="ref"} and Y522S[^15^](#fsb220590-bib-0015){ref-type="ref"} mutations and it is possible that these impairments may limit activity that requires a high rate of oxidative metabolism. Rhabdomyolysis has been reported in MH‐susceptible people following exercise,[^32^](#fsb220590-bib-0032){ref-type="ref"} and muscle injury may provide an explanation for decreased off wheel movement in the male HET mice. Access to running wheels was sufficient to trigger an MH episode and death in two of the male mice at 28°C, and heat production with exercise may cause discomfort or induce heat‐dissipating activities, such as licking, that limit running or postexercise activity. It has been reported that treadmill running in RYR1 Y522S mice at 34°C induces a lethal crisis, suggesting that exercise induces mechanisms similar to those triggered by heat stress or halogenated anesthetics in susceptible individuals.[^3^](#fsb220590-bib-0003){ref-type="ref"} The results of our study are consistent with the idea that RYR1 mutations can influence exercise‐related activity and trigger MH episodes with voluntary activity at temperatures as low as 28°C.

Calcium cycling is a significant contributor to resting skeletal muscle energy expenditure,[^4^](#fsb220590-bib-0004){ref-type="ref"}, [^11^](#fsb220590-bib-0011){ref-type="ref"}, [^33^](#fsb220590-bib-0033){ref-type="ref"} and it follows that mutations resulting in disruption of the balance between SR Ca^2+^ sequestration and SR Ca^2+^ efflux via leak and depletion of sequestered Ca^2+^ in the SR could have a noticeable impact on energy expenditure. This is especially important since elevated Ca^2+^ leak is predicted to influence plasmalemmal Ca^2+^ both at rest and during EC coupling.[^34^](#fsb220590-bib-0034){ref-type="ref"} In support of this idea, the results of our study showed that energy expenditure adjusted for LM or BW was significantly increased in HET male mice at 22°C without running wheels and 28°C with running wheel access. Oxygen consumption adjusted for BW has been shown to be increased at 37°C in mice with the RYR1 Y522S mutation.[^13^](#fsb220590-bib-0013){ref-type="ref"} Similarly, an increase in BW‐adjusted oxygen consumption was reported in Y522S mutant vs WD mice at 32°C.[^15^](#fsb220590-bib-0015){ref-type="ref"} The results of our study are consistent with the idea that LM and BW‐adjusted energy expenditure is increased in MH RYR1 mutant male animals even at temperatures below or near the TNZ (22 and 28°C). However, the magnitude of the increase in energy expenditure in the HET vs WD mice is not large and significant differences between genotypes disappeared with running wheel access at 22°C. This reflects that the RYR1 mutation is likely altering calcium cycling that contributes to resting muscle energy expenditure and resting energy expenditure is a relatively small contributor to total energy expenditure (approximately 30%) at typical vivarium temperatures, such as 22°C.[^20^](#fsb220590-bib-0020){ref-type="ref"} Increased physical activity with running wheel access could, therefore, be sufficient to obscure differences in energy expenditure between genotypes when exercise is promoted. If the RYR1 mutation is influencing resting energy expenditure, energy expenditure differences would become more pronounced at temperatures near thermoneutral where resting energy expenditure becomes the major contributor to total energy expenditure. Our data is consistent with this idea since significant increases in energy expenditure, even without adjustment for LM or BW, were apparent in the HET vs WD male mice at 28°C.

The present study also showed that energy expenditure changes induced by the RYR1 mutation are sex dependent. Increases in energy expenditure only occurred in the male HET mice, and no differences in energy expenditure were observed between genotypes in females. In humans, it has been reported that resting energy expenditure is the same between MH‐susceptible and MH‐negative individuals.[^18^](#fsb220590-bib-0018){ref-type="ref"} However, this study used primarily female volunteers. If the energy expenditure results in the HET mice translate to humans, it is possible that differences in energy expenditure between MH‐susceptible and negative people would be missed without including sufficient numbers of male subjects. There is evidence that prevalence or susceptibility to MH is increased in male humans[^35^](#fsb220590-bib-0035){ref-type="ref"}, [^36^](#fsb220590-bib-0036){ref-type="ref"} and mice.[^37^](#fsb220590-bib-0037){ref-type="ref"} Furthermore, it has been reported that odds of developing MH are greater in males than females even with similar exposures to anesthetics.[^7^](#fsb220590-bib-0007){ref-type="ref"} Our study also shows that energy expenditure, at temperatures that do not trigger MH, is influenced by sex with differences between HET and WT mice restricted to male animals. These results raise the possibility that MH RYR1 mutations have a sex‐dependent impact on energy expenditure that may contribute to the increased susceptibility to MH in males. The mechanisms leading to sex difference in physiological measures in individuals with MH RYR1 mutations is not known, and it remains to be determined if allele‐specific differences in RYR1 mRNA expression[^38^](#fsb220590-bib-0038){ref-type="ref"} or other potential mechanisms are influenced by sex.

Mitochondrial dysfunction resulting in decreases in mitochondrial respiration has been reported in both MH‐susceptible humans[^17^](#fsb220590-bib-0017){ref-type="ref"} and RYR1 R163C mutant mice.[^16^](#fsb220590-bib-0016){ref-type="ref"} Alterations in morphology resulting in swollen and misshapen mitochondria also occur in MH RYR1 mutant mice.[^15^](#fsb220590-bib-0015){ref-type="ref"} If mitochondrial abnormalities are common and consistent components of MH RYR1 mutations, the results of our study would indicate that these defects are not sufficient to alter whole animal energy expenditure. This may reflect the fact that skeletal muscle is responsible for less than a third of resting energy expenditure,[^39^](#fsb220590-bib-0039){ref-type="ref"} and RYR1 mutation‐induced defects in muscle mitochondrial function may not be of sufficient magnitude to alter energy expenditure at the level of the whole animal. It is possible that mitochondrial dysfunction with RYR1 mutations will limit muscle capacity for oxidative metabolism and this may only impact whole animal energy expenditure during intense exercise. Nonetheless, the results of the present study indicate that metabolic alterations in the HET mice do not decrease whole animal energy expenditure, even when the mice are housed with running wheels.

Previous studies in mouse models of MH have measured oxygen consumption in animals at warm environmental temperatures (\>32°C),[^13^](#fsb220590-bib-0013){ref-type="ref"}, [^15^](#fsb220590-bib-0015){ref-type="ref"}, [^40^](#fsb220590-bib-0040){ref-type="ref"} and there is a lack of information about energetic response in RYR1 mutant mice exposed to a range of temperatures. Thus, we measured energy expenditure in HET mice at temperatures ranging from 12 to 36°C and constructed Scholander plots to determine the effect of ambient temperature on energy expenditure and identify the TNZ.[^41^](#fsb220590-bib-0041){ref-type="ref"} The LCT of the TNZ for all the groups of animals were consistent with values previously reported for laboratory mice,[^42^](#fsb220590-bib-0042){ref-type="ref"}, [^43^](#fsb220590-bib-0043){ref-type="ref"} however, the HET females had a significant decrease and the HET males a strong trend (*P* = .056) toward a decrease in LCT vs WT animals. The HET males, but not females, also showed a significant increase in the UCT of the TNZ. Overall, these changes resulted in a wider TNZ in the HET mice. The width of the TNZ is dependent on basal energy expenditure and ability to conserve or dissipate heat. An increase in basal energy expenditure alone could theoretically induce a shift in the TNZ to the left, but this would not be consistent with a widening of the TNZ and we observed no increases in energy expenditure in the female HET mice that would suggest this mechanism is viable. Changes in the LCT and UCT in the HET mice may instead reflect alterations in the activation of mechanisms to conserve or transfer heat, such as changes in posture or vascular tone. While research has primarily focused on RYR1 function in skeletal muscle, RYR1 is also expressed in several brain regions[^44^](#fsb220590-bib-0044){ref-type="ref"} and it has been reported to play a role in voltage‐induced Ca^2+^ release in hypothalamic neurons.[^45^](#fsb220590-bib-0045){ref-type="ref"} This raises the possibility that RYR1 mutations could influence regulation of body heat through mechanisms in tissues other than skeletal muscle.

The energy expenditure measurements below TNZ also provided information about acute response to cold in the HET mice. The RYR1 mutation did not alter body insulation since the slope of energy expenditure vs ambient temperature below the TNZ, a measure of insulation,[^42^](#fsb220590-bib-0042){ref-type="ref"} did not differ between genotypes. The HET and WD mice both increased energy expenditure by more than three‐fold in response to cold exposure when compared to TNZ. The acute cold‐induced increase in energy expenditure in mice previously housed at \~22°C is due to a combination of shivering (skeletal muscle) and non‐shivering (brown adipose) thermogenesis.[^42^](#fsb220590-bib-0042){ref-type="ref"} The similar energy expenditure increase observed in HET and WD mice suggests that the RYR1 mutation does not impair these tissue thermogenic responses to acute cold exposure.

A challenge with our TNZ studies was determining the UCT. The UCT is often defined as the ambient temperature where heat stress induces an increase in energy expenditure.[^19^](#fsb220590-bib-0019){ref-type="ref"} However, similar to reports in other strains of mice,[^20^](#fsb220590-bib-0020){ref-type="ref"} we did not observe an increase in energy expenditure prior to an increase in core body temperature. Thus, we used the point where body temperature increases to define UCT. This approach likely provides a slight overestimation of UCT since active evaporative water loss, another common indicator of UCT,[^19^](#fsb220590-bib-0019){ref-type="ref"} would almost certainly have begun by this point. The UCT values in our study, however, show that the TNZ in mice is narrow (only \~1°C in WT animals). This is important to consider for studies designed to occur at TNZ since room temperature gradients could easily move some animals into heat or cold stress.

In conclusion, the RYR1 mutation significantly altered energetics in the HET mice. Energy expenditure, adjusted for either LM or BW, showed an increase in HET male mice but not female animals. However, female HET mice had decreased voluntary wheel running. The RYR1 mutation also induced changes in thermic response to ambient temperature and widened the TNZ. The results of the study show that the RYR1 R163C mutation alters whole animal energetics even at temperatures that do not typically induce MH. Alterations in energetics in individuals harboring RYR1 mutations likely impact physiological function in ways beyond increasing susceptibility to MH.
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